A novel process for the fabrication of flexible, semitransparent, and meshed gold electrodes on a polyethylene terephthalate (PET) substrate utilizing transfer printing from a self-organized microporous polycarbonate mold is described. The mold, with honeycomb structures, was fabricated by casting a chloroform solution of poly(bisphenol A carbonate) and polyacrylamide to form selforganized arrays of water bubbles and drying them. The meshed Au electrode was transferred on a PET substrate coated with poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) using the Au-coated mold. The measured transmittance of the electrode at the photon wavelength of 500 nm was 34%, and the sheet resistance was 3 Ω / □ Fabricated Au mesh electrode showed a much greater flexibility than the ITO electrode, and it can be bent to 7.5 mm radius of the curvature with 10% reduction of the conductance.
Introduction
Organic solar cells provide an alternative to inorganic solar cells because of their low cost, easy fabrication, and compatibility with flexible substrates over large areas [1] [2] [3] [4] [5] [6] . In particular, flexible organic solar cells have the potential for use in self-powered small mobile electronics on packaging, clothing, or flexible screens [7] . Recently, significant advances have been made in the fabrication of low-cost and large-area flexible organic solar cells by improving organic semiconductor materials and processing methods [8, 9] .
Most organic solar cells are fabricated on substrates coated with indium tin oxide (ITO) because ITO is transparent to visible light and highly conductive [10] [11] [12] [13] [14] [15] [16] . However, ITO is not the best choice for low-cost and high-performance flexible organic solar cell applications because high quality ITO, especially high conductivity, requires high temperature annealing, which is incompatible with plastic-based flexible substrates. The brittle nature of ITO films is also not amenable for flexible applications. In fact, the poor mechanical stability of ITO can cause device failure when the ITO-coated flexible substrate is bent [16] [17] [18] . Several alternative transparent conductive electrode materials such as carbon nanotube networks [18] [19] [20] [21] conductive polymers [22] [23] [24] and random silver nanowire meshes [25] have been recently reported. However, they still suffer from either low conductivity or high surface roughness.
It was reported that fabrication of semi-transparent conductive electrodes with meshed structures, fabricated using a transfer printing method [26, 27] could be suitable for the fabrication of highly conductive transparent electrodes at low cost and without the necessity of high temperature annealing. It was shown that conductivity of the transparent metal electrode was enhanced by a factor of three at the expense of optical transmittance by just doubling the metal thickness [26, 27] . However, these transfer printing methods require expensive semiconductor manufacturing processes such as lithography and dry etching to fabricate the molds. Recently, techniques to fabricate self-organized microporous structures on polymers have been reported [28] [29] [30] [31] [32] that can potentially be used as a cost effective mold for transfer printing. In this paper, we report a method of fabricating a gold (Au) micro-meshed electrode on flexible substrates by transfer printing using a polymer mold with self-organized porous structures, without using semiconductor fabrication process.
2.Experimental
In order to fabricate a mold for transfer printing of meshed gold (Au) patterns, three materials were selected. Poly(bisphenol A carbonate) (PC, MW = 45,000, Aldrich) was selected as a structural material for the mold that contains self-organized microporous structures. PC was selected because it has a high heat resistance of over 100 °C, making it suitable for the high temperature treatment during transfer printing. The surfactant, polyacrylamide (PAM, MW = 100,000, Aldrich), was expected to equalize the size of the precipitating water droplets in the PC solution. The organic solvent must have a boiling point lower than that of water to fabricate a porous film. Therefore, chloroform was selected as a solvent. Figure 1 shows the schematic diagram of the fabrication process of the polymer mold. Self-organization was utilized to fabricate the polymer mold with microporous structures suitable for transfer printing. These processes were designed based on a previous report.
Results and Discussion
[ 28, 29] All the fabrication processes were carried out in an air-filled glove box with a moist air controlled humidity of 43%. Firstly, the chloroform blend solution of PC and PAM was spread on a glass substrate [ Fig. 1(a) ]. The solution was prepared by dissolving PC:PAM (100 mg:10mg) in 20 ml of chloroform. Then, the glass substrate was kept under ambient conditions for 20 min, when the ordered meshed structures appeared on the surface of the substrate [ Fig. 1(d) ]. Numerous very small water droplets are condensed on solution surface by the mist air, as shown in Fig. 1(b) . Subsequently, the grown droplets form close packed array and sink into solution [ Fig. 1(c) ]. Since the boiling point of chloroform (61.2 °C) is much lower than that of water, it dries faster than water, leaving a self-organized microporous structure on the PC surface. After evaporation of the chloroform, the water droplets were evaporated leaving the meshed mold structure [ Fig. 1(d) ]. at 1 MPa and 100 °C for 10 min [ Fig. 2(b) ]. After cooling down to room temperature, lifting up the mold leaves the meshed Au structures on the PEDOT:PSS-coated PET substrate [ Fig. 2(c) ]. In the transfer printing process, transcripts are transferred to the substrate with a higher surface energy than the mold, which has a lower surface energy. Polycarbonate has a higher surface energy than that of the SiO 2 mold, but the transfer printing was successful because of the high adhesion of the unbaked PEDOT:PSS [27] . The scanning electron microscope (SEM) images of the fabricated self-organized polymer mold are shown in Fig. 3 . The mold has a line-width of 360 nm, a period of 2.39 μm, and a hole diameter of 1.58 μm. The ratio of openings per unit area is known as aperture ratio, which can be calculate according to
where D is the diameter of the hole (μm), and L is the width of the line. Using this equation, the aperture ratio of the polymer mold was determined to be 39%. The optical transmittance of the fabricated Au meshed electrode on the PEDOT:PSS-coated PET substrate in the visible wavelength range was measured using a Shimadzu UV-3600 and is shown in Fig. 5 . The optical transmittance of a commercially available ITO-coated PET substrate (Sanyo Vacuum: ITO 120 nm thick, PET 180 μm thick) was also measured and included in the figure. The ITO-coated PET substrate has a transmittance of 75% at 500 nm, and the Au meshed electrode has a transmittance of about 34% at 500 nm of a wavelength. The transmittance of the Au nano mesh electrode was less than half of the ITO electrode on the PET substrate. The measured sheet resistance 370 nm 600 nm 3 μm of the Au mesh electrode is 2.9 Ω/□ which is about eleven times lower than that of the ITO (33.6 Ω / □ . All the sheet resistance measurements were done using a 4-probe instrument (Kyowariken K-705RM). Figure 6 shows the calculated value of the aperture ratio determined from Eq. (1). This graph suggests that theoretically it may be possible to fabricate a semi-transparent electrode on PET using the self-organization method with an optical transmittance over 80%, which is equivalent to that of the ITO substrate, if the transparent electrodes have D/L greater than 0.9. However, fabrication of such structures has not been successful yet. Figure 7 shows the change of the normalized conductance for the Au electrode on PET and the ITO substrate. The conductance is defined as inverse of the measured sheet resistance, and the normalized conductance is defined as the reduction ratio of the conductance before and after bending these films with different radiuses. The Au can be bent to ~7.5 mm radius of curvature with 10% reduction of the conductance. On the other hand, the conductance of the ITO started to decrease even at 15 mm radius of curvature and dropped close to zero at 3 mm radius. It is thus concluded that the fabricated Au electrode was much more reliable than the ITO. In addition, these films after bending didn't recover to the initial conductance. 
Conclusion
A novel process for the fabrication of flexible, semitransparent, and meshed Au electrodes on PET substrate utilizing transfer printing from self-organized polymer mold is described in this report. A PC mold with honeycomb meshed structures was fabricated by a solvent casting method to form self-organized arrays of water droplets and subsequently drying them. A successful transfer of the meshed Au patterns on the PEDOT:PSS-coated PET substrate using the Au-coated mold under a pressure of 1 MPa and a temperature of 100 °C for 10 min was achieved. The transferred 40 nm-thick Au meshes have a line-width of 350 nm and a period of 2.39 μm. The measured transmittance of the Au meshed electrode was 34%, which is less than half of that of an ITO electrode on PET substrate (75%) at a wavelength of 500 nm. The measured sheet resistance of the Au mesh electrode was 2.9 Ω/□ which was 11 times lower than that of the commercially available ITO (33.6 Ω/□ electrode on PET. Fabricated Au mesh electrode showed a much greater flexibility than the ITO electrode, and it can be bent to 7.5 mm radius of the curvature with 10% reduction of the conductance. Sci. Technol., Vol. 27, No. 2, 2014 
